Introduction
Yerba mate (Ilex paraguariensis) is a perennial and long-living tree species occuring naturally in South America's subtropical regions. In Brazil, it predominates in South region (Carvalho, 2003) . Yerba mate is mainly grown in small and medium-sized farms, where it is responsible for the income of thousands of workers. Research has demonstrated that yerba mate can be classified as a healthy food, and it plays functional roles in the human body, mainly due to the antioxidant substances that can be found in its leaves (Gugliucci, 1996; Mejía et al., 2010; Berté et al., 2011) , and that fact may drive consumption from new products.
A great deal of yerba mate fields in Brazil was established through seedlings from parent trees that had not been selected through adequate criteria (Sturion & Resende, 2010) . That has favored the formation of lowyielding mate fields with poor-quality leaves, and that results in negative aspects of the final product (Wendling & Brondani, 2015) . That may jeopardize the whole production system.
Grafting has been the most used method in the production of clonal orchards for producing improved seeds, in order to broaden the genetic base after selected parent trees are recombined, to multiply superior genotypes, and to create clonal banks (Xavier et al., 2013) . By using propagules from the adult part of a parent tree, plants obtained through grafting reach their flowering stage quicker and canopies grow to lower heights, which makes seeds harvesting easier (Hartmann et al., 2011) . However, if the goal is to multiply superior parent trees for increasing productivity and growing clonal fields, juvenile propagules must be used (Wendling et al., 2014a) .
In that sense, the grafting technique in forest species has become an efficient method for rejuvenation/ reinvigoration, in which mature propagules are grafted on the juvenile parts of a rootstock, which enables the cuttings from those sprouts to be more able to root (Wendling et al., 2014b) . For Huang et al. (1990) , serial grafting is the most consistent method and the most used one for rejuvenation of plants or their mature parts. In yerba mate, besides grafting being used as a method to multiply clones (Wendling et al., 2009) , what is intended with the technique is to induce rejuvenation through successive grafting, in order to obtain a higher percentage of rooted cuttings (Niklas, 1990 ) and the replacement of canopies (Wendling et al., 2009; Wendling & Brondani, 2015) in adult fields with low-quality plants.
Vegetative propagation is influenced by several factors, among which species, climate, and physiological conditions of parent trees (Eldridge et al., 1994; Xavier et al., 2013) . For yerba mate, especially, variation of vegetative propagation ability among different individuals is high (Prat Kricun et al., 1986; Tavares et al., 1992; Domingos & Wendling, 2006) . This makes the execution of studies important, to investigate factors related to parent trees, rejuvenation, and grafting environment for this species. Thus, we evaluated the effect of serial grafting (subcultures), clones, grafting environments and gender of parent trees in the survival and vigor of yerba mate grafts.
Material and methods
The experiments started in August 2005 in São Mateus do Sul, PR state, Brazil, at company Baldo S/A (longitude 50° 26' 30" O latitude 25° 54' 33" S and 800 m above sea level). The region has a temperate climate (Cfb), with an average annual rainfall rate between 1,600 and 1,800 mm (IAPAR, 1994) . In São Mateus do Sul, during the experimental period (August, September, October, and November 2005), rainfall rates were, respectively 129, 288, 321, and 83 mm (Alturas..., 2015) .
Two experiments were developed, the first of which having a factorial design (2 x 3 x 3), by comparing two clones (clone 1 and clone 2), three subcultures (subculture I, II, and III), and three evaluation periods (35   th   , 70 th , and the 105 th day). The second in a factorial design (6 x 2 x 3), by comparing six clones, two environments (field and nursery), and three evaluation periods (35 th , 70 th , and the 105 th day). Clone gender factor was evaluated at the end of the second experiment (105 th day). Thus, for the variables that were only evaluated at the end of the experiment, a factorial design of 6 x 2 x 2 was created, with six clones, two environments, and two genders. A randomized block design was used for both experiments. It included five repetitions, and the experimental unit comprised five grafted yerba mate plants or seedlings.
Top cleft grafting was the used method for both experiments (Figure 1) . Shoots from the rootstock were cut, with no lateral branches being left ( Figure 1A) ; that was followed by a 5 cm vertical incision through the piths, where grafts with two or three buds and wedgeshaped ends were inserted ( Figure 1B ). Both rootstocks and scions were fastened together with a plastic ribbon. Afterwards, the grafted region was wrapped with a plastic bag and then a parchment paper bag ( Figure  1C ), respectively in order to keep the humidity in the location and to protect grafts from sunrays (Wendling et al., 2004; Domingos & Wendling, 2006) . Around 25 days after that, little holes were punched in the paper and plastic bags for acclimatization purposes -bags were taken off after 35 days after grafting, when rootstocks and scions had already inosculated ( Figure 1D ). The grafts were submitted to a 60% shade level (as gauged by a lux meter), and that was provided by the shade in the understory of local native trees. Shade was provided by a shade screen in the nursery. Experiment 1: Clones and subcultures employed in the nursery grafting For rootstocks, 18 month-old seedlings were used; they were produced in 8 cm x 12 cm plastic packages. The scions for subculture I were collected from the bottom of the canopies of a female (clone 1) and of a male parent tree (clone 2), both of which being approximately 80 years old. The second and the third subcultures consisted of the grafting of propagules that had been respectively collected from the buds from subcultures I and II. , and the 105 th day after grafting, grafts were evaluated for survival percentage, number of buds taller than 1 cm, and lack of buds. At the 105 th day, the average number of buds (ANB) and the average bud length (ABL) were evaluated for each scion. Experiment 2: Clones, environments, and gender of parent trees employed in the nursery and field grafting.
Field and nursery grafting methods were compared for six clones, three of which being female (F1, F2, and
) and the other three, male (M1, M2, and M3). The propagules for grafting all clones came from subculture II, according to the details in Experiment I. For the field grafting, five-year old yerba mate scions were used. They had been cut at soil level 12 months before the grafting, in order to induce new sprouts. The forest environment was managed three years before the seedlings were planted in the field, with Ocotea porosa, Cedrela fissilis, Ilex paraguariensis, and Mimosa scabrella trees being left as the predominant ones in the area. The yerba mate seedlings were planted in the space that was cleared by the forest partial removal, which characterized a highdensity mate field (Da Croce & Floss, 1999) ; that was the typical in the studied region. 18 month-old seedlings were used in the nursery environment as rootstocks; they were produced in 8 cm x 12 cm plastic packages.
On the 35 th , 70 th , and the 105 th day after grafting, grafts were evaluated for survival percentage, number of buds taller than 1 cm, and lack of buds in the grafts. At the 105 th day, grafts were evaluated for survival (only for gender factor), ANB, and ABL. The data from both experiments were submitted to analysis of variance (ANOVA) and the averages of variables were analyzed through a 5% probability Tukey test.
Results and discussion

Clones and subcultures in the nursery grafting
The interaction between clones, subcultures, and evaluation periods was significant for survival and vigor of grafts ( Figures 3A, B , and C). The average number of buds (ANB) and the average bud length (ABL) were evaluated on the 105 th day after grafting and observed to be affected by the interaction between clones and subcultures (Figures 3D and E) . The survival was reduced as the evaluation period elapsed, with the exception of clone 2 from the first subculture ( Figure  3A) . At the 105 th day after grafting, the grafts from clone 1 (60%) had a higher survival rate than the ones from clone 2 (0%) in subculture I; in subculture II, clone 2 was superior to clone 1, and in subculture III there were no differences among clones. Upon comparing the subcultures in each clone at the 105 th day, the survival of grafts from clone 1 was higher in subcultures I and II; for clone 2, however, it was only superior in subculture II. While conducting field grafting with propagules from yerba mate parent trees of approximately 70 years old, Domingos & Wendling (2006) found a survival rate of over 56% (first subculture) at the 90 th day after grafting, which was similar to the result obtained in this study.
The fact that clone 2 (in subculture I at 35 days postgrafting) was only observed to have 4% of living grafts ( Figure 3A ) caused the bud that was taller than 1 cm ( Figure 3B ) and the lack of buds ( Figure 3C ) for clone 2 in subculture I to tend to zero. Regarding the percentage of grafts whose buds exceed 1 cm, a different behavior was also observed among clones ( Figure 3B ).
Juvenility is considered one of the main factors for successful vegetative propagation of forest species (Huang et al., 1990; Menzies, 1992; Wendling et al., 2014a) and one of the possible ways to revert it is through serial grafting (Wendling et al., 2014b) . That technique may reinvigorate/rejuvenate adult trees by reducing the distance between where buds are formed at the canopy to the plants root system, or by changing bud conditions through the physiological effects from a newly-formed root system (Franclet et al., 1987; Danthu et al., 2002; Greenwood et al., 2010) . Two to six serial grafting procedures have been recommended for obtaining rejuvenation for forest species (Eldridge et al., 1994; Assis, 1996) , and that fact was confirmed in this study, in which better survival rates for grafts were obtained after two subcultures, and that characteristic is related to more juvenile materials (Greenwood et al., 2010) .
Regarding subcultures influence in the percentage of buds taller than 1 cm within each clone, clone 1 in subculture II was superior to the remaining subcultures as evaluated on the 35 th day. On the 70 th and 105 th day, clone 1 in subculture III was inferior. Clone 2 was showed superior results in subculture II when compared to subcultures I and III in all evaluated periods ( Figure  3B ). Regarding the evaluated period, subculture I stood out regarding buds taller than 1 cm, with 64% and 60%, respectively, at the 70 th day in subculture II and at the 105 th day in subculture I. In clone 2, also the periods of 70 (76%) and 105 days (68%), both in subculture II, stood out regarding that variable. The higher percentage of grafts with buds taller than 1 cm, in clone 1, was observed to take place in different subcultures due to the periods. However, clone 2 performed well in all periods in subculture II.
On the 70 th day, only a small fraction (4%) of the living grafts from clone 1 did not have buds ( Figure 3C ). On the 35 th day after grafting, clone 1 presented a superior result to clone 2 in subcultures I and III, whereas clone 2 was superior to clone 1 in subculture II. Regarding the average number of buds per graft ( Figure 3D ), which was evaluated on the 105 th day after grafting, clone 1 was superior to clone 2 in the three subcultures ( Figure 3D ). Upon comparing subculture effects, clone 1 was superior in subculture II (2.1 buds per graft) to subculture I (1.5 buds per graft). Regarding clone 2, subcultures I and III (with 1.2 buds per graft) were statistically superior to subculture I. Comparisons of this characteristic within each culture revealed that clone 1 outdid clone 2 regarding the average number of buds per graft by 100, 75, and 50%, respectively, for subcultures I, II, and III ( Figure 3D ). Figure 3 . Survival (A), buds taller than 1 cm (B), lack of buds (C), which were evaluated in three evaluation periods at 35-day intervals; average number of buds (ANB) (D) and average bud length (ABL) (E) of yerba mate clone grafts (C1 and C2), which were evaluated on the 105 th day after grafting, regarding three subcultures (I, II and III). Averages followed by at least one same capital letter do not differ among clones; by the same uncapitalized letter, they do not differ among subcultures; and, by the same number, they do not differ among periods at a 5% probability level through Tukey test. D. Santin et al.
The average bud lengths of grafts ( Figure 3E ) from clone 2 were only significantly inferior to clone 1 in subculture I, and that result is related to the death of all grafts from clone 2 in up to the 70 th day after grafting ( Figure 3A ). There were no differences among clones for the remaining subcultures regarding the average bud length. Regarding clones for the same variable, clone 1 in subculture II was superior to subculture III, without differing from subculture I, and clone 2 in subculture II was superior to the remaining subcultures ( Figure 3E ).
Differences were found between clones for most studied variables (Figure 3) . Varying vegetative propagation abilities are often observed among yerba mate plants (Tavares et al., 1992) , and there is a need for specific propagation protocols for each clone to be developed (Wendling & Brondani, 2015) . The clones are also another key factor for the successful grafting of that species, as it influences success in the technique, as also concluded by Wendling et al. (2009) .
In most studies analyzing yerba mate grafting, the aim is to obtain higher percentages of living grafts, which a high number of strong and healthy buds (Niklas, 1990; Wendling et al., 2004 Wendling et al., , 2009 Domingos & Wendling, 2006) . Thus, grafts need to have a high percentage of buds taller than 1 cm in the shortest time following grafting. In that sense, clone 2 in subculture II on the 70 th and on the 105 th days after grafting, showed a relatively higher survival rate (76 and 68%, respectively) ( Figure 3A ) and number of buds taller than 1 cm (76 and 68%, respectively) ( Figure 3B ). The indication of two subcultures for yerba mate grafting is reinforced by the higher percentage of grafts with average number of buds for clone 1 ( Figure 3D ) and average bud length, for both clones (Figure 3E ), on the 105 th day after grafting. These results show that, for grafting on yerba mate seedlings, two subcultures are enough to obtain higher graft survival and vigor rates.
Clones, environments, and gender of parent trees in the grafting
Characteristics survival, number of buds taller than 1 cm, and lack of buds, which were evaluated at different times, were influenced by the interaction of clones, environments, and evaluation periods (Figure 4) . At the 105 th day after grafting, survival was influenced by the clone genders ( Figure 5A) ; and average bud length was influenced by the interactions clone x environment ( Figure 5C ) and gender x environment ( Figure 5D ).
The average number of buds was only influenced by the interaction between clone and environment ( Figure 5B ).
The survival of grafts reduced as the evaluation periods elapsed. At the 105 th day, only clones F1, F3, M2, and M3 showed survival rates that were the same as the one from the 70 th day in the field environment. For those same clones that were grafted in the nursery, as well as the remaining ones from both environments, survival on the 105 th day was inferior to the one evaluated on the 70 th day. The graft survival in the nursery was only superior to the one in the field on the 70 th day for clones F1, F2, and M2. The highest graft survival in the field was observed on the 35 th day for clone F1, on the 75 th day for F3, and on the 105 th day for F1, F3, M1, and M3. In a similar way to experiment 1, varying results were found among clones, and that corroborates previous results for yerba mate (Domingos & Wendling, 2006; Brondani et al., 2008; Wendling et al., 2009) . In this study, on the 105 th day after grafting, besides clone factor having been observed to influence graft survival, a superiority trend was observed for the field environment for this variable, and that fact runs contrary to the one found by Niklas (1990) , whose nursery grafts were observed to be more successful than the field ones.
For buds taller than 1 cm, nursery grafting was superior to the field one for clones F2 and M2 on the 35 th day, and for clone M3 on the 70 th day ( Figure 4B ). Superiority of field grafting was observed in clone F3 on the 70 th day and in clones F3 and M1 on the 105 th day. On the 35 th day, clone F2 in the nursery and clone M1 in the nursery and field were showed the highest number of grafts with buds taller than 1 cm. On the 70 th day, clone F3 in the nursery was inferior to the remaining ones. On the 105 th day, clones M1 and M3, respectively, in the nursery and in the field, presented the smallest rate of grafts with buds shorter than 1 cm.
The percentage of grafts with no buds reduced as the evaluation periods elapsed for the nursery grafting of all clones. For field grafting, on the other hand, this effect was only verified for clone 2 ( Figure 4C) . That means that, on the 35 th day after grafting, most grafted clones in the field already had buds, whereas a great deal of the ones in the nursery had not sprouted yet. For field grafting, clone M3 on the 35 th and 70 th day, was most observed to have grafts with no buds. No significant differences were found for clones in both grafting environments for that variable on the 105 th day. 
Buds taller 
Lack of buds (%) . Survival (A), buds taller than 1 cm (B), lack of buds (C) from yerba mate clones that were grafted in field and nursery environments, evaluated in three periods at 35-day intervals. Averages followed by the same capital letter do not differ among clones; by the same uncapitalized letter, they do not differ among environments; and, by the same number, they do not differ among periods at a 5% probability level through Tukey test.
Inosculation periods vary within species. In citrus trees, complete lignification is only achieved around 40 days after grafting (Hartmann & Kester, 1990) . For Eucalyptus dunnii grafting, most grafts had already sprouted on the 30 th day (Moraes et al., 2013) . Successful grafting depends on the union between rootstocks and scions (Janick, 1966) . Generally, from the first moment of contact between scions and rootstocks until complete graft inosculation, parenchymal cells are produced and interwoven in the rootstock; a new cambium is produced in the callus region; and, finally, new xylem and phloem are formed from the new vascular callus that was produced in the callus region (Hartmann & Kester, 1967) , thus forming a new connection between the root system (rootstock) and the canopy (scion) (Janick, 1966) . For yerba mate, there are still no studies on inosculation times in the grafting of seedlings and plants in the field. Nonetheless, the differences among clones regarding their percentages of buds taller than 1 cm and lack of buds (Figures 4B and C) are clues indicating that for this species, physiological differences can be verified both among male and female plants (Rakocevic et al., 2009) and among plants of the same gender.
Survival ( Figure 5A ) and bud length of grafts average ( Figure 5D ) were influenced by clone gender on the 105 th day. The female clones with 49% survival were superior to the male ones (45%) ( Figure 5A ). Female clones were superior concerning average bud length to the male ones in field grafting, and the male ones were observed to be superior in the nursery grafting (Field grafting 5D).
The grafts in the field environment were considerably superior, both for the average number of buds ( Figure  5B ) and for the average bud length (Figures 5C and D) . Management interventions in the aerial part of plants normally affect their root activities (Lehmann, 2003) and, most times, pruning causes the balance between the assimilation surface (leaves) and the water and nutrient absorption surface (thin roots) to be tipped (Ehsen, 1987) , which causes the death of a large number of roots (Thomaziello & Pereira, 2008) . The continuous replacement of fine roots allows plants to explore a higher soil volume (Freitas et al., 2008) , which is important to replace and increase biomass (McClaugherty et al., 1985; Vogt et al., 1986) . In this sense, the rootstock that is already established in the field probably has more developed root system with a large soil area to explore. These aspects provide better conditions for vegetative growth of scions as compared to the rootstocks that grow inside plastic bags, with root expansion limitations, a factor which might also have contributed to the higher percentage survival of grafts, average number of buds, and average bud length in the field. The predominance of increased survival ( Figure  4A ) and increased vigor (Figures 5B, C, and D) of grafts in field environment, at the end of the experiment (105 th day), indicates field grafting is more promising for yerba mate than the nursery one.
Regarding the average bud length, while comparing the clones within each environment, clone F1 was superior to the remaining ones under field conditions ( Figure 5C ). Also considering that characteristic according to the clone genders ( Figure 5D ), field grafting was observed to be superior to the nursery one. However, the female clones were observed to have smaller average bud length in the nursery, as compared to the male ones ( Figure 5E ). The morphophysiologies of different genders individuals may significantly impact the production of raw materials (Ho, 1988) . In yerba mate plants, sexual dimorphism influences physiology, in that there is increased photosynthesis in female plants as compared to male ones, especially in the vegetative stages that precede flowering and fruit maturation (Rakocevic et al., 2009) . Besides that, male plants are more sensitive to environmental changes than female ones (Rakocevic & Martim, 2011) . These physiological differences may have favored the increased vigor of female clones in the field. Figure 5 . Survival (A), average number of buds (ANB) (B), average bud length (ABL) (C and D) of grafts from female (F) and male (M) yerba mate clones, 105 days after grafting conducted in field and nursery environments. Averages followed by the same capital letter do not differ among clones; by the same uncapitalized letter, they do not differ among environments; and, by the same number, they do not differ among genders at a 5% probability level through Tukey test.
Conclusions
Two re-grafting procedures already result in significant improvement of survival and vigor rates for yerba mate grafts in nursery environments.
The grafting of yerba mate plants in alreadyestablished field rootstocks results in increased survival and vigor of scions. Scions from propagules of female parent trees are more vigorous than the ones from male plants.
